The pathophysiology of Parkinson's disease (PD) and L-DOPA-induced dyskinesia (LID) is associated with aberrant neuronal activity and abnormal high levels of oscillatory activity and synchronization in several basal ganglia nuclei and the cortex.
INTRODUCTION
Pharmacological replacement of dopamine (DA) with its precursor L-3,4-dihydroxyphenylalanine (L-DOPA) is the gold standard treatment for Parkinson´s disease (PD). However, long-term administration of L-DOPA induces abnormal involuntary movements (AIMs) known as L-DOPA-induced dyskinesia (LID). These motor complications are potentially disabling, and affect up to 40% of PD patients within 5 years of treatment (Ahlskog and Muenter, 2001) . Altered neural activity and abnormally synchronized oscillatory activity at multiple levels of the cortico-basal ganglia (BG) loop have been linked to motor dysfunction in PD patients with or without LID (Alonso-Frech et al., 2006; Fogelson et al., 2006; Kühn et al., 2006; Lozano et al., 2000; Obeso et al., 2000) . Indeed, it has been suggested that the reversion of these alterations may be the target for therapeutic strategies in PD (Hammond et al., 2007) . In PD patients, abnormal oscillatory activities are found at different frequency ranges, including low frequency oscillations that have been associated with parkinsonian tremor (Smirnov et al., 2008; Tass et al., 2010) , essential tremor (Tan et al., 2019) , the expression of dyskinesia (Alonso-Frech et al., 2006) , clinical improvement after L-DOPA intake and pathological gambling in PD .
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One of the most often used PD animal model is the 6-hydroxydopamine (6-OHDA)-lesioned rodent. The injection of 6-OHDA into the nigrostriatal system induces degeneration of DA neurons in the substantia nigra pars compacta (SNc), and subsequently DA depletion in the striatum. This neurodegenerative process leads to the aberrant neuronal activity and the abnormal oscillatory activity that resemble those observed in PD patients (Mallet et al., 2008) . Moreover, in 6-OHDA-lesioned rodents the prolonged L-DOPA treatment induces some molecular and behavioural alterations that emulate the LID observed in patients (Cenci et al., 1998) . Thus, in this model of LID, it has been reported that the activity of the BG output nuclei, the substantia nigra pars reticulata (SNr) and the internal segment of the globus pallidus (GPi) (homologous to the entopeduncular nucleus (EPN) of rodents) is reduced (Aristieta et al., 2016; Boraud et al., 1998; Jin et al., 2016; Lacombe et al., 2009; Meissner et al., 2006) . In addition,different frequency oscillatory activities, which may be detected under urethane anaesthesia (Magil et al., 2000; Tseng et al., 2001 ) are aberrantly presented in several BG nuclei (Aristieta et al., 2016; Mallet et al., 2008; Meissner et al., 2006; Parr-Brownlie et al., 2007; Walters et al., 2007) including the GPi/EPN (Jin et al., 2016) . The GPi/EPN is a complex structure which participates in several physiological and pathological processes including motor control and sensory information processing (Shabel et al., 2014 (Shabel et al., , 2012 Wallace et al., 2017) . Indeed, the GPi/EPN sends inhibitory GABAergic projections to several thalamic nuclei contributing to movement initiation and organization as well as action selection (Horak and Anderson, 1984; Mink, 1996; Redgrave et al., 1999) . On the other hand, clinical evidences support the implication of the GPi in PD and LID since the lesion or the electrical high frequency stimulation of the GPi improves both motor impairment and particularly dyskinesia in humans .
Previously we described that long term L-DOPA treated 6-OHDA-lesioned rats show important modifications of SNr firing activity which may be driven by the STN hyperactivity. Additionally, we also observed that the 6-OHDA lesion increases low frequency oscillatory activity in the STN and SNr, and that the chronic L-DOPA treatment does not change these augmented oscillations in urethane anesthetized rats (Aristieta et al., 2016) . However, the effect of the 6-OHDA lesion and the chronic L-DOPA treatment on the other less studied BG output structure, the EPN, remains unclear. In the present work, we aimed to investigate the role of the EPN in LID and to elucidate the relationship between STN and EPN neuronal activities using single-unit
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A C C E P T E D M A N U S C R I P T extracellular recordings in urethane anaesthetized 6-OHDA-lesioned rats. In addition, low frequency oscillatory activity and synchronization between the cortex and the EPN were also studied in these parkinsonian rats that received (or not) the chronic treatment with L-DOPA.
MATERIALS AND METHODS
Animals
Male Sprague-Dawley rats (Harlan) weighing 200-250 g at the beginning of the experiments were housed in groups of five in standard laboratory conditions (22  1ºC, 55  5% of relative humidity, and a 12:12 h light/dark cycle) with ad libitum access to food and water. Every effort was made to minimize animal suffering and to use the minimum number of animals per group and experiment. All animal experiments comply with the ARRIVE guidelines and procedures were approved by the Local Ethical
Committee of the University of Basque Country (UPV/EHU), following European (2010/63/EU) and Spanish (RD 53/2013) regulations for the care and use of laboratory animals.
Drugs
The following drugs were used in this study: isoflurane from Esteve, urethane (1.2 g/kg, i.p.), 6-hydroxydopamine (6-OHDA; 3.5 g/l), desipramine hydrochloride (25 mg/kg, i.p.), pargyline (50 mg/kg, i.p.), amphetamine sulphate (3 mg/kg, i.p.), L-DOPA (L-3,4-dihydroxyphenylalanine methyl ester hydrochloride, 6 mg/kg, i.p.) and benserazide-HCL (12 mg/kg, i.p) from Sigma-Aldrich. Desipramine, pargyline, L-DOPA, benserazide and amphetamine sulphate were prepared in 0.9% saline. Urethane was dissolved in MilliQ water. 6-OHDA was dissolved in MilliQ water containing 0.02% ascorbic acid. All drugs were prepared on the day of the experiment.
Experimental design
The design and timeline of the experiments is shown in Figure 1A . We characterized the electrophysiological properties of STN and EPN neurons in sham and 6-OHDAlesioned animals treated chronically either with saline or L-DOPA. Two weeks after surgery (injection of 6-OHDA or vehicle into the medial forebrain bundle (MFB)), the severity of lesion was evaluated with rotational screening and those animals with severe degeneration underwent a 3-week treatment with saline or L-DOPA. During this time, abnormal involuntary movements (AIMs) were scored periodically. All the 6-OHDAlesioned animals treated with L-DOPA included in these experiments developed A C C E P T E D M A N U S C R I P T dyskinesia and we will refer as long term L-DOPA treated 6-OHDA-lesioned rats.
Electrophysiological recordings were obtained 24 h after the last dose of the corresponding treatment (saline or L-DOPA). After STN and EPN baseline recordings were acquired (before L-DOPA), rats received an acute challenge with a standard dose of L-DOPA (6 mg/kg plus benserazide 12 mg/kg, i.p.) and EPN cell recordings were obtained from 20 to 120 min after the drug administration (after L-DOPA). The groups included in this study are referred to as sham saline (n = 7), sham L-DOPA (n = 7), 6-OHDA saline (n = 8) and 6-OHDA L-DOPA (or long term L-DOPA treated 6-OHDAlesioned) (n = 9).
6-OHDA lesion and rotational screening
Thirty minutes before the surgery, rats were pre-treated with desipramine (25 mg/kg, i.p.) in order to protect noradrenergic terminals from 6-OHDA toxicity, and with pargyline (50 mg/kg, i.p.) to inhibit monoamine oxidase activity. Rats were deeply anaesthetized with isoflurane (1.5-2%) and 6-OHDA or vehicle was infused (1 l/min) using a Hamilton. A total of 15.75 µg in 4.5 µl were injected in two sites at right MFB:
2.5l at anteroposterior (AP) -4.4 mm, mediolateral (ML) + 1.2 mm, and dorsoventral (DV) -7.8 mm, relative to bregma and dura with the toothbar set at -2.4, and 2 l at AP -4.0 mm, ML + 0.8 mm, and DV -8 mm, with the toothbar set at +3.4 (Paxinos and
Watson, 1997).
The turning behaviour was evaluated 2 weeks post-surgery over 90 minutes after amphetamine sulphate administration (3 mg/kg, i.p.) as indicator of DA denervation (Miguelez et al., 2011) . Severe dopaminergic lesion was represented by more than 5 full-body ipsilateral turns/min. Animals were selected for the study and randomly assigned to one of the 6-OHDA groups.
Abnormal involuntary movement rating
AIMs were induced in 6-OHDA-lesioned rats by chronic daily injections of L-DOPA (6 mg/kg, i.p) in combination with the peripheral decarboxylase inhibitor benserazide (12 mg/kg, i.p.) over 3 weeks. After the chronic treatment was completed, L-DOPA was administered twice per week. AIMs were scored according to a rat dyskinesia scale described by Cenci and Lundblad (2007) . Once the scores reached a plateau, L-DOPA dosing was changed to a maintenance (twice a week) schedule (Carlsson et al., 2005) .
On the testing days, rats were placed individually in transparent empty plastic cages for at least 10 min prior to drug administration. Following L-DOPA injection, each rat was
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A C C E P T E D M A N U S C R I P T observed for one full minute every 20 th min, for a total of 200 min. The frequency of the three subtypes of dyskinetic movements (axial, limb and orolingual AIMs) and asymmetric locomotive behaviour (locomotive AIMs) were rated from 0 to 4, based on the amount of time in which the abnormal movement was present during the observation period (i.e. 0, not present to 4, continuous). In addition, to evaluate the severity of the movements, the amplitude of axial, limb and orolingual AIMs was rated on a scale from 0 to 4. Axial, limb, and orolingual AIMs were analysed separately from locomotive AIMs. Data are expressed as global AIM score/session for axial, limb and orolingual which is calculated multiplying the severity score by the amplitude scores on each monitoring period, with all these products summed for each testing sessions (Lindgren et al., 2010) . Locomotive AIMs score/session rates only the frequency of the abnormal movement.
Electrophysiological procedures
All electrophysiological procedures are schematically illustrated in Figure 1B . The electrophysiological properties of STN and EPN neurons were investigated after at least 3 weeks of saline or L-DOPA treatment as described in detail by other authors (Jin et al., 2016; Morera-Herreras et al., 2011; Ruskin et al., 2002) . Rats were anaesthetized with urethane (1.2 g/kg, i.p.) and placed in a stereotaxic frame with its head secured in a horizontal orientation. Supplementary doses of urethane were administrated during the electrophysiological recordings in order to maintain a proper and constant anaesthesia level, limiting reflexive and reactive responses . The animal body temperature was maintained at ~37 ºC for the entire duration of the experiment by means of a heating pad connected to a rectal probe. The recording electrode, consisting of an Omegadot single glass micropipette with a tip diameter of 1-2.5 μm (approximately 5-7 MΩ) and filled with a 2% solution of Pontamine Sky Blue in 0.5% sodium acetate, was stereotaxically guided to the following coordinates (relative to bregma and dura) ipsilateral to the 6-OHDA injection: for the STN: AP -3.6 to -3.8 mm, ML -2.2 to -2.7 mm and DV -7 to -8 mm; for the EPN AP: -2.3 to -3 mm, ML: -2.5 mm, DV: -7 to -8.5 mm (Paxinos and Watson, 1997) . The extracellular signal from the electrode was amplified with a high-input impedance amplifier, and then monitored on an oscilloscope and on an audio monitor. All recorded STN neurons exhibited a biphasic waveform and a pulse width of 1.0 to 1.5 ms as described by Hollerman and Grace (1992) . Recorded EPN neurons showed biphasic waveforms with short wideduration action potentials 0.8 -0.9 ms as described by Ruskin et al., (2002) . Neuronal It is important to highlight that the ECoG and the LFP were continuously recorded in order to monitor the brain state and to preserve a deep and constant anaesthesia level.
This allowed us to avoid modifications in neuronal firing and oscillatory activities related to fluctuations in brain state. This way, our recordings were composed of slow wave activity (SWA), which is characterised by low frequency oscillations. Thus, the results observed in the different groups were obtained in equal conditions and consequently were comparable.
Histological procedures and analysis
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Immediately after the electrophysiological procedure animals were deeply anaesthetized and transcardially perfused with saline followed by 4% ice-cold paraformaldehyde, prepared in 0.1 M phosphate buffer. Brains were removed and transferred to a 25% sucrose solution until they sank. The brains were serially cut in coronal 40 µm sections using a freezing microtome (HM 430, Microm) , and slices were conserved in a cryoprotective solution at -20ºC until further processing.
Tyrosine hydroxylase (TH)-immunostaining was used to examine the degree of DA denervation in the striatum and the SNc. Briefly, after endogenous peroxidases inactivation, sections were blocked with 5% normal goat serum, and incubated with rabbit anti-TH (AB 152, 1:1000, Chemicon) primary antibody for 36 h at 4ºC. The sections were then incubated for 2 h with a biotinylated goat antibody against rabbit IgG (BA 1000, 1:200, Vector Laboratories). Thereafter, sections were incubated with an avidin-biotin-peroxidase complex (ABC kit, PK-6100, Vector Laboratories) and peroxidase activity was visualized with 0.05% 3,3′-diaminobenzidine (Sigma) and 0.03% hydrogen peroxide. Finally, sections were mounted onto gelatine-coated slides, dehydrated, cleared with xylene and coverslipped. For the analysis, three striatal sections for each animal (rostral, medial, and caudal levels) were optically digitized and the mean optical density (OD) associated with the striatum was calculated using NIHproduced image analysis software ImageJ (Schneider et al., 2012) . The OD was expressed as a percentage of that of the contralateral intact side (100%) with the background associated with the cortex being set as 0%.
For the location of the recording site, brain sections containing the STN or the EPN were mounted on gelatinized glass slides, stained with 1% neutral red, washed, dehydrated, cleared with xylene and coverslipped. Only cells recorded within the STN or EPN have been included in the study.
Data analysis
The firing parameters of STN and EPN neurons were analysed off-line using the Spike2 software. The following parameters were calculated: firing rate and coefficient of variation, which is a measure of firing regularity and is defined as the percentage ratio of the standard deviation to the mean interval histogram. According to the method of Kaneoke and Vitek (1996) and based on the concept of density distribution and on a statistically rigorous definition of the firing pattern, three different firing patterns could be analysed (using the NeuronFit program from NorayBio Informatics): (1) Spike train activity, LFPs and ECoGs were analysed off-line by Spike2 software as described in Aristieta et al., (2016) . For this purpose, LFP and ECoG signals (sampled at 2500 Hz) were smoothed to 1 ms. Additionally, STN and EPN action potentials were converted to series of events (sampled at 2500 Hz). These series of events were then transformed to a continuous waveform (1-ms smoothing period) (Galati et al., 2010 (Galati et al., , 2009 Levy et al., 2000) , using a custom-made Spike2 software script. Next, cells were classified as oscillatory when the spike waveform autocorrelogram contained a second oscillation peak that was at least twice the magnitude of the random fluctuation (Degos et al., 2005) . The power spectrum of smoothed LFPs, ECoGs and STN and EPN spike waveforms were also analysed using the fast Fourier transform (8192 blocks 
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a phase of 0° and the troughs to a phase of 180°. Phase histograms were constructed in Spike2 (Mallet et al., 2008) and the modulation of each neuron firing activity in relationship with cortical low frequency oscillations was analysed using the Rayleigh´s test (MATLAB). The null hypothesis for Rayleigh´s test is that the spikes are distributed in an uniform manner. The mean phase angle and the mean resultant vector length (vector length) were calculated for each neuron and circular plots were created as described by Sharott et al., (2017) . The vector length of the phase distribution was used to analyse the phase locking level around the mean phase for individual neurons, calculated quantifying the angle of every single spike. Then, it was also calculated for populations of neurons, using the mean angle of each neuron. The vector length of the phase distribution was measured from 0 to 1, where values closer to 1 corresponded to more concentrated spike angles, and therefore lower variance in the distribution around the mean phase angle of each neuron (i.e. higher level of phase locking). In the circular plots, the vector lengths of the mean phases of firing of single neurons were expressed as lines radiating from the center, while each dot indicated the mean phase angle of every individual neuron. Finally, the mean vector length (VL) value and the mean phase angle (PA) value were calculated for each specific population of neurons.
Statistical analysis of data
Experimental data were analysed using the computer programme GraphPad Prism (v.
5.01, GraphPad Software, Inc). TH OD in the striatum was analysed using paired Student's t-test (lesioned versus unlesioned side). The electrophysiological data were analysed by two way analysis of variance ANOVA (lesion × treatment) followed by post hoc comparisons using the Bonferroni post hoc test. The effect of the acute L-DOPA challenge on the synchronization and oscillatory activity was analysed using unpaired Student's t-test (before versus after L-DOPA). The firing pattern of STN and EPN neurons was analysed using Fisher's exact test. Simple linear regression analyses were used to assess correlations between different data. The level of statistical significance was set at p < 0.05. Data are presented as the group mean ± standard error of the mean (S.E.M.). Detailed information regarding statistical results is shown in the Supplementary Table 3 (Table S3) .
RESULTS
Development of L-DOPA-induced abnormal involuntary movements
As showed in previous publications (Aristieta et al., 2016 (Aristieta et al., , 2012 Azkona et al., 2014; Cenci et al., 1998; Miguelez et al., 2011) , the chronic L-DOPA administration (6 mg/kg ACCEPTED MANUSCRIPT The results showed no significant differences in the firing rate among groups (Figure   2A and table S3 ). However, we found that the coefficient of variation was increased in the 6-OHDA L-DOPA group compared to the rest of the groups (p < 0.001) ( Table 1,   Table S3 and Figure 2B ). The analysis of the firing pattern revealed that the number of bursting pattern neurons was increased in both 6-OHDA-lesioned groups when compared to sham animals (p < 0.001) ( Figure 2C ). After recording basal activity, 160
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neurons were also recorded between 20-120 min after an acute challenge of L-DOPA, which is the time period corresponding with intense dyskinetic behaviour ( Figure 2A , B and C): 34 neurons from the sham saline group (n= 7 animals), 31 neurons from the sham L-DOPA group (n= 7 animals), 37 neurons from the 6-OHDA saline group (n= 8 animals) and 58 neurons from the 6-OHDA L-DOPA group (n= 9 animals). The acute challenge of L-DOPA only produced an effect on the L-DOPA-treated groups (Table   S3 ). Thus, the increased coefficient of variation and bursting firing pattern observed in the 6-OHDA L-DOPA group were partially reversed (p < 0.001 and p < 0.01,
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A C C E P T E D M A N U S C R I P T Figure 2B and C). When the behavioural and electrophysiological parameters of long term L-DOPA treated 6-OHDA-lesioned rats were analysed together, there was no statistically significant correlation between the electrophysiological properties of EPN neurons and the measured AIMs (Table S1 and S2).
Correlation between subthalamic nucleus and entopeduncular nucleus neuron activity in long term L-DOPA treated 6-OHDA-lesioned rats
In order to evaluate the relationship between the STN and the EPN firing parameters, STN glutamatergic neurons were recorded before performing EPN recordings in the same rats from the four experimental groups: 52 neurons from the sham saline group (n= 7 animals), 62 neurons from the sham L-DOPA group (n= 7 animals), 80 neurons from the 6-OHDA saline group (n= 8 animals) and 88 neurons from the 6-OHDA L-DOPA group (n= 9 animals). As we previously showed, there were significant differences between the sham and 6-OHDA-lesioned groups in the basal electrophysiological parameters of STN neurons (Table 1 and Table S3 ), which corresponded to the hyperactive STN state that is typical of DA denervated condition (Aristieta et al., 2016 (Aristieta et al., , 2012 . Next, we analysed the relationship between STN and EPN firing parameter mean values (firing rate, coefficient of variation and firing pattern) that were obtained in the same rats. We did not find any correlation between the mean firing rate of STN and EPN neurons, which were recorded 24 h after the last injection of saline or L-DOPA ( Figure 2D ). However, we found that there was a significant correlation for the coefficient of variation in the 6-OHDA L-DOPA group (p < 0.05) ( Figure 2E ). Similarly, in these long term L-DOPA treated 6-OHDA-lesioned rats, there was a significant correlation between the proportion of bursting STN and EPN neurons (p < 0.05) ( Figure 2F ). The rest of the groups did not show any correlation for the coefficient of variation and the firing pattern (data not shown). 
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ECoGs ( Figure 3A, left) . Moreover, the spike wave autocorrelograms of these neurons showed no oscillatory activity ( Figure 3B , left). In contrast, EPN neurons expressing a bursting firing pattern showed an oscillatory activity as observed in the autocorrelogram analysis ( Figure 3A and B, right). This oscillatory activity was coupled to the simultaneously recorded EPN-LFPs and ECoGs ( Figure 3A, right) . The EPN spikes within the bursts were correlated with the troughs of the EPN-LFPs and with the peak of the ECoGs. As described in Figure 3C , the proportion of neurons that showed oscillatory activity was significantly higher in 6-OHDA-lesioned groups than in non- Note that non remarkable oscillatory activity was found in other oscillatory frequency bands (Supplementary Figure 4C , D, E and F).
In basal conditions (before L-DOPA), coherence analysis between simultaneously recorded EPN spike trains (transformed to continuous waveforms) and ECoGs showed that the coherence peak appeared in a similar frequency value (approximately 1 Hz) without differences among the experimental groups ( Figure 5A ). Nevertheless, the AUC values extracted from the coherence curves were significantly higher in 6-OHDAlesioned groups compared to non-lesioned groups, and were not modified by the chronic L-DOPA treatment ( Figure 5A and C and Table S3 ). However, the acute L-DOPA
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A C C E P T E D M A N U S C R I P T challenge increased the coherence AUC value in sham L-DOPA rats (p < 0.01, unpaired Student's t-test), while, the AUC value in the 6-OHDA L-DOPA group was reduced (p < 0.01, unpaired Student's t-test) ( Figure 5B and C) . Similarly, the coherence analysis of simultaneously recorded EPN spike trains (transformed to continuous waveforms) and EPN-LFPs also showed that coherence peak values appeared near 1 Hz in the four experimental groups ( Figure 5D ). The AUC values obtained from the coherence between EPN spikes and EPN-LFP curves were significantly higher in 6-OHDAlesioned groups than in non-lesioned groups ( Figure 5D and E and Table S3 ). The acute L-DOPA challenge reduced the coherence AUC value in long term L-DOPA treated 6-OHDA-lesioned rats (p < 0.01, unpaired Student's t-test) ( Figure 5E and F).
The analysis of the STWAs revealed that EPN neurons tended to discharge near the peak of the ECoG recordings in all the experimental groups ( Figure 6A ). The peak to trough amplitude of ECoG/ EPN spikes STWAs was significantly higher in the 6-OHDA L-DOPA group compared to sham groups (p < 0.01) ( Figure 6A and C and Table S3 ), and it was reduced by the acute L-DOPA challenge (p < 0.001, unpaired Figure 6D ). The analysis of the EPN-LFP/ EPN spikes STWAs showed that the peak to trough amplitude was significantly higher in the 6-OHDA L-DOPA group compared to non-lesioned groups (p < 0.01) ( Figure 6D and F and Table S3 ). The acute L-DOPA challenge reduced the peak to trough amplitude in these long term L-DOPA treated 6-OHDAlesioned rats (p < 0.001, unpaired Student's t-test) ( Figure 6E and F).
Student's t-test) (Figure 6B and C). In addition, EPN neurons tended to discharge near the trough of the EPN-LFP recordings in all the experimental groups (
Increased low frequency oscillatory activity in the subthalamic nucleus after the 6-OHDA lesion.
As we previously described (Aristieta et al., 2016) , the 6-OHDA lesion increased the proportion of STN neurons that showed bursting firing pattern (Table 1 ). The activity of these neurons was coupled to simultaneously recorded STN-LFPs and ECoGs. The STN spikes were correlated with the troughs of the STN-LFP and the peaks of the ECoG (Supplementary Figure 2A) . Indeed, autocorrelogram analysis showed increased oscillatory activity in STN neurons after the 6-OHDA lesion, while the L-DOPA treatment did not induce any modification (Supplementary Figure 2B) .
Additionally, the power spectra analysis in the 0-5 Hz frequency range, showed a peak with a mean frequency of 0.5-1.5 Hz in all the experimental groups. In the ECoG power spectrum there were no differences among the groups (Supplementary Figure 2C left and table S3) . Nevertheless, the analysis of the STN-LFP power spectrum showed that the 6-OHDA lesion increased the AUC values, while the L-DOPA treatment did not produce any change (Supplementary Figure 2C right and Table S3 ). Note that non remarkable oscillatory activity was found in other oscillatory frequency bands (Supplementary Figure 4A and B) .
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Coherence analysis between simultaneously recorded STN spikes (transformed to continuous waveforms) and ECoGs or STN-LFPs (0-5 Hz frequency range), showed a similar coherence peak in the different groups (approximately 1 Hz) (Supplementary Figures 3A and B, respectively) . However, AUC values obtained from coherence curves
were significantly higher in 6-OHDA-lesioned groups compared to non-lesioned groups (Supplementary Figures 3A and B top, respectively and Table S3 ). This increased coherence observed in 6-OHDA-lesioned groups was not altered after chronic L-DOPA treatment (Supplementary Figures 3A and B top, respectively).
The STWA analysis showed that STN spikes tended to discharge near the trough of the Figure 3D) . The analysis of the peak to trough amplitude of STN-LFP/STN spike STWAs revealed that 6-OHDA lesion increased this amplitude, and the L-DOPA treatment did not produce any modification (Supplementary Figure 3D top and Table S3 ). In contrast, STN neurons tended to discharge near the peak of the ECoG recordings, in all groups (Supplementary Figure 3C) . The peak to trough analysis of ECoG/STN spikes STWAs did not reveal any significant difference among the groups (Supplementary Figure 3C top and table S3).
STN-LFP recordings in all the experimental groups (Supplementary
The L-DOPA challenge reduced the proportion of phase-locked entopeduncular nucleus neurons in long term L-DOPA treated 6-OHDA-lesioned rats
Finally, the phase relationship of the ECoG, STN spike and EPN spike trains was also analysed. The ECoG recordings were filtered at 0-5 Hz and the phase analysis was 
DISCUSSION
The present work extends our previous results regarding the BG output nucleus, SNr (Aristieta et al., 2016) , obtained in the well-characterized hemiparkinsonian and dyskinetic rat model (Cenci et al., 1998; Winkler et al., 2002) . Here, new results concerning the other BG output structure show that the nigrostriatal degeneration plus the L-DOPA treatment induces alterations in the activity of EPN neurons that correlate with STN hyperactivity. This modified EPN activity observed in long term L-DOPA treated 6-OHDA-lesioned rats together with the increment in low frequency oscillatory activity and synchronization is partially reversed by the acute L-DOPA administration.
Altogether, these results suggest that the prolonged L-DOPA treatment in 6-OHDAlesioned rats induces changes in the EPN closely related to the STN hyperactivity.
Moreover, the reversion of the altered firing pattern, low frequency oscillatory activity and synchronization observed within the EPN in the 6-OHDA L-DOPA group (after acute L-DOPA challenge) seem to be related to the LID.
EPN activity and Abnormal Involuntary Movements
In this study, we found that the DA denervation modified the firing pattern of EPN neurons, increasing the number of bursting neurons as previously shown in 6-OHDAlesioned rats (Ruskin et al., 2002 ) and 1-methyl-4-phenyl, 1,2,3,6-tetrahydropyridine (MPTP) treated monkeys (Boraud et al., 1998) . The classical BG model (Alexander et al., 1986) predicts that after the DA loss, the firing activity of the EPN should be increased. However, results in agreement and disagreement with this model have been
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extensively published. Results obtained from metabolic markers analysis in 6-OHDA lesioned rats (Lacombe et al., 2009; Périer et al., 2003) and electrophysiological recordings in MPTP treated monkeys (Boraud et al., 1998 ) support the BG model predictions. In contrast, results obtained from EPN neuron recordings in rats have revealed no changes in the firing rate of EPN neurons after 6-OHDA lesion (Ruskin et al., 2002) . Our results are in line with these last findings suggesting that in rodents the consequences of the nigrostriatal lesion are associated with alterations in the firing pattern rather than a simple increase in the firing rate of the BG output nuclei. This fact may induce an increase of neurotransmitter levels in the projection areas of the EPN since neurons which exhibit bursting firing pattern release more neurotransmitter than neurons with regular firing pattern (Chergui et al., 1996; Florin-lechner et al., 1996) .
Some authors link the development of LID with a decreased firing rate and metabolic activity of the GPi/EPN (Lacombe et al., 2009; Papa et al., 1999) . Thus, L-DOPA injections reduce the firing rate of EPN or GPi neurons below control values in 6-OHDA-lesioned rats (Jin et al., 2016) and MPTP treated monkeys (Boraud et al., 1998; Papa et al., 1999) as well as the metabolic activity of the EPN in 6-OHDA lesioned rats (Lacombe et al., 2009; Périer et al., 2003) . In the same line, in our hands, the acute L-DOPA challenge partially reversed the increment in firing irregularity and in the number of bursting neurons induced by prolonged L-DOPA treatment in the EPN of 6-OHDA-lesioned animals. These results suggest that the EPN may have a direct role in the motor symptomatology associated with LID, although we did not observe any correlation between EPN neuron activity and the scored AIMs in 6-OHDA-lesioned rats treated with L-DOPA.
STN activity and correlation with EPN activity
The STN is the sole glutamatergic nucleus in the BG and it´s strategically located in the hyperdirect and indirect pathways, converging the information coming from these two different pathways. In this study we found that the DA denervation increased STN activity as previously shown by us and others (Aristieta et al., 2016 (Aristieta et al., , 2012 Bergman et al., 1994; Hassani et al., 1996; Magill et al., 2001; Morera-Herreras et al., 2011; Vila et al., 2000) . Thus, STN neuron firing rate, coefficient of variation and the proportion of neurons that exhibited bursting firing pattern increased after the 6-OHDA lesion. In addition, the L-DOPA chronic treatment did not modify the STN hyperactivity, as we have previously observed (Aristieta et al., 2016 (Aristieta et al., , 2012 . These findings could be explained by the desensitization of the DA receptors that modulate STN activity
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Alternatively, the lack of effect of L-DOPA on STN activity may be due to the loss of SN input (Brown et al., 1979; Canteras et al., 1990; Mitchell et al., 1989 ) after 6-OHDA lesion which may reduce L-DOPA conversion into DA. Indeed, microiontophoretic administration of DA exerts a direct action on STN neurons (Ni et al., 2001 ).
We observed two positive correlations, one between STN and EPN baseline coefficient of variation values and another one between the proportion of bursting firing pattern neurons recorded in the STN and the EPN from 6-OHDA-lesioned rats chronically treated with L-DOPA. We did not find any other correlation in the rest of experimental groups. Previously we have found a correlation between the firing rate of SNr and the STN neurons (Aristieta et al., 2016) . Altogether these results suggest that L-DOPA chronic treatment after DA degeneration induced changes that increase the driving force of the STN on the BG output structures.
EPN neuron oscillatory activity and synchronization
To the best of our knowledge, this is the first time that low frequency oscillatory activity (0-5 Hz) and synchronization has been deeply studied in the EPN from parkinsonian and dyskinetic animals.
Using 6-OHDA lesioned animals, several studies have revealed the expression of SWA of approximately 1 Hz frequency in the rat cortex, GP, STN and SNr and an increased cortical/BG synchronization at this low frequency after the lesion (or tetrodotoxin administration) in urethane anaesthetized rats (Aristieta et al., 2016; Galati et al., 2010 Galati et al., , 2009 Magill et al., 2001; Parr-Brownlie et al., 2007; Walters et al., 2007) . In the same line, we also found SWA (1 Hz frequency approximately) and an increased proportion of neurons showing low frequency oscillatory activity in the EPN after the 6-OHDA lesion. Others have reported, however, a reduction of neurons presenting low frequency oscillatory activity after the 6-OHDA injection (Ruskin et al., 2002) . As described for the other BG output structure, we did not find changes in the power spectra of EPN-LFP and ECoG (Aristieta et al., 2016; Belluscio et al., 2003; Meissner et al., 2006) . The coherence analysis indicated that the peak of synchronization between EPN spikes and EPN-LFP or ECoG was at 1 Hz approximately, and that EPN neuron discharge happened near the peak of the ECoG and the trough of the LFP, similar to the SNr (Aristieta et al., 2016; Belluscio et al., 2003; Galati et al., 2010; Meissner et al., 2006) .
Coherence between EPN neuronal activity and EPN-LFP or ECoG was enhanced following 6-OHDA lesion, corroborating that the DA denervation augmented the ACCEPTED MANUSCRIPT
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synchronization between these neuronal populations. However, the STWA analysis did not show a significant increase of the synchronization between EPN spiking activity and EPN-LFP or ECoG after the 6-OHDA lesion. The peak to trough amplitude was not significantly larger in the 6-OHDA-lesioned group although there was a tendency.
The chronic L-DOPA treatment did not modify the augmented coherence between the ECoG and the EPN spikes or the EPN-LFP and the EPN spikes (0-5 Hz frequency range) observed in 6-OHDA-lesioned rats but increased the synchronization between those areas. As STWA analysis showed, synchronization between EPN spiking activity and EPN-LFP or ECoG was higher because the peak to trough amplitude was larger in the 6-OHDA L-DOPA group. In this group of animals, the power spectrum value of EPN-LFP was also increased in the low frequency band (0-5 Hz). Moreover, the proportion of EPN neurons showing phase-locked relationship in time with low frequency oscillations was increased after the L-DOPA treatment in 6-OHDA-lesioned rats. This supports the idea that the chronic L-DOPA treatment augmented even more the increased low frequency oscillatory activity observed in the EPN in 6-OHDAlesioned rats. On the other hand, the acute L-DOPA challenge reversed the increased low frequency oscillatory activity and synchronization observed in the 6-OHDA L-DOPA group. Indeed, the power spectrum value of EPN-LFP was reduced in the low frequency band (0-5 Hz) after the acute L-DOPA challenge in these long term L-DOPA treated 6-OHDA-lesioned rats. In addition, the coherence between EPN neuronal activity and EPN-LFP or ECoG was also reduced after the acute L-DOPA challenge in the 6-OHDA L-DOPA group. Moreover, the STWA analysis also demonstrated that the synchronization between EPN spiking activity and EPN-LFP or ECoG was reversed after the acute L-DOPA challenge in long term L-DOPA treated 6-OHDA-lesioned rats.
The STWA peak to trough amplitude was smaller in this group as well as the proportion of phase-locked EPN neurons. Other groups have also reported similar results in other oscillatory frequency ranges. Jin et al., (2016) found that 6-OHDA lesioned animals had increased coherence between EPN spikes and motor cortex ECoG in theta and beta frequency bands. In this case, the L-DOPA challenge reduced these theta and beta oscillatory activities and synchronization in dyskinetic rats, but also beta coherence in 6-OHDA drug-naïve animals. Our recording protocol was similar to the one used by Jin et al., (2016) , however, we did not observed significant theta and beta oscillatory activities probably because all our experiments were performed in a very deep anaesthesia state, and the parameters used for the analysis were not exactly the same.
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Indeed, our ECoG recordings were composed of strong SWA, which is mainly characterised by low frequency oscillatory activity (Galati et al., 2010 (Galati et al., , 2009 Magill et al., 2001) . Electrophysiological recordings performed in urethane anaesthetised rats have demonstrated that this anaesthesia evokes different brain states (Jin et al., 2016; Mallet et al., 2008) that fluctuate from large amplitude slow waves to an "activated state" as a consequence of spontaneous variations or external sensory stimuli (Jin et al., 2016; Magill et al., 2006; Mallet et al., 2008) . In 6-OHDA lesioned rats, the transition from the SWA to the "activated state" can induce the appearance of beta oscillatory activity (Alam et al., 2012; Jin et al., 2016; Mallet et al., 2008; Sharott et al., 2005) . In some of these works the transition was evoked by hindpaw pinching (Mallet et al., 2008; Sharott et al., 2005) , while other authors showed this transition spontaneously (Alam et al., 2012; Jin et al., 2016; Rumpel et al., 2013) . Note that beta band oscillatory activity is only present during the "activated state", and not during SWA (Alam et al., 2012; Rumpel et al., 2013) , and no transition to cortical activation state was found in our ECoG recordings. In addition, it is worth mentioning that deep brain stimulation of the EPN reduces LID in 6-OHDA-lesioned rats. This effect on LID is accompanied by several modifications in oscillatory activity at different frequency ranges (theta, beta and gamma) in the striatum (Alam et al., 2014) .
STN neuron oscillatory activity and synchronization
As previously described and discussed by us and others (Aristieta et al., 2016; Magill et al., 2001; Parr-Brownlie et al., 2007; Walters et al., 2007) , the 6-OHDA lesion increased the low frequency oscillatory activity and synchronization in the STN and between this nucleus and the motor cortex. Moreover, the L-DOPA treatment did not induce remarkable modifications in the low frequency oscillatory activity in the STN.
Interestingly, our recordings demonstrated that STN and EPN neurons showed a phase firing relationship to ongoing low frequency oscillatory activity during SWA. STN and EPN neurons presented a tendency to discharge more in the ascending face of the ECoG, both in sham and 6-OHDA-lesioned groups. However, the incidence of this phase-locked activity was higher after DA depletion in the STN, while in the EPN was only more pronounced in the 6-OHDA L-DOPA group. These results also support the idea that alterations of low frequency oscillatory activity and synchronization in the STN emerged from DA degeneration. Nevertheless, in the EPN, this modified low oscillatory activity was only remarkable in the 6-OHDA L-DOPA group, where the acute L-DOPA challenge reduced the proportion of phase-locked neurons. All these ACCEPTED MANUSCRIPT
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results suggest that LID may be related to reversed low frequency oscillatory activity and synchronization in the EPN.
CONCLUSION
Cortical information is transmitted to the STN and the EPN through several BG pathways. Thus, the increased oscillatory activity and synchronization observed following the DA degeneration may be consequence of complex interactions between different circuits. Indeed, increased abnormal rhythms have been associated with PD symptoms (Quiroga-Varela et al., 2013) , although a deeper understanding of the pathophysiology of PD is necessary to improve its treatment (Ellens and Leventhal, 2013) . Clinical studies have shown that the reduction on dyskinesia induced by deep brain stimulation on the GPi is superior to that induced by stimulation on the STN (see review Ramirez-Zamora and Ostrem, 2018). Our previous results have shown a modest role of the STN in LID in 6-OHDA-lesioned rats (Aristieta et al., 2012 ). The present work shows that, in rats after the denervation of the nigro-striatal DA pathway long term treatment of L-DOPA increases the interaction between the STN and the EPN.
Probably as consequence of changes that include modifications in firing pattern and spiking phase. However, our results, in line with the mentioned clinical studies, suggest that what it seems relevant in LID is the reversion of changes in the low frequency oscillatory activity, the proportion of phase-locked neurons and the synchronization within the EPN and between this nucleus and the cortex. In summary, the EPN may be a good target to treat LID since the degeneration of nigral DA neurons combined with L-DOPA treatment induces some changes in it that when they are reversed lead to the appearance of dyskinesia. 
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